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INTRODUCTION
Although there has been a trend In recent years toward 
the use of non-aqueous media in the field of inorganic chem­
istry, anhydrous methanol has been very rarely used as a sol­
vent. This is due in part to the comparatively low solubilities 
of many inorganic compounds in methanol as compared to water.
The use of methanol as a solvent has a distinct advantage 
over many of the more common non-aqueous media such as fused 
systems, liquid ammonia, liquid hydrogen fluoride, or liquid 
sulfur dioxide, in that i t  can be handled without special 
equipment or elaborate precautions. Of the common organic 
solvents, methanol is probably the most water-like, with many 
salts displaying electrolytic behavior. Thus come of the 
advantages of an aqueous system have been retained while the 
possibility of hydration and hydrolysis has been very largely 
eliminated.
In an earlier work‘d the author reported the formation 
of ammonium fluorometallate complexes prepared in methanol by 
the reaction of ammonium fluoride with the halides of zinc 
and cadmium. The reaction can be represented by the equation
3NH|jF + MsBr2  NH^ MeP^ I + 2NH^ Br.
O
Subsequently Johnson*- developed a method for the preparation 
of metal bromides in methanol and prepared an additional 
number of ammonium fluorometallates. These are Included in 
the reprint in Chapter I of this thesis, with the ammonium 
complexes prepared as part of the present work.
1
aS in c e  th e  s o l u b i l i t y  o f  p o ta s s iu m , ru b id iu m , and. 
cesiu m  f l u o r id e s  in  m eth an ol com pares fa v o r a b ly  w it h  t h a t  o f  
ammonium f l u o r i d e ,  th e  r e a c t io n  w ith  m e ta l b rom id es i n  m eth an o l 
was e x te n d ed  to  In c lu d e  t h e s e  a l k a l i  f l u o r i d e s  a s  w e l l*  Chap­
t e r  I I  d e a ls  w i t h  th e  p r e p a r a t io n  and p r o p e r t i e s  o f  t h e s e  
com plexes*
Of th e  c o n p le x  f l u o r i d e s ,  th e  p o ta s s iu m  f lu o r o m e t a l la t e s  
are p erh ap s th e  b e s t  known* T h is  i s  due i n  p a r t  t o  th e  a v a i l ­
a b i l i t y  o f  p o ta s s iu m  f l u o r i d e ,  as com pared to  ru b id iu m  and  
cesiu m  f l u o r id e ,  and to  th e  f a c t  t h a t  th e  co m p lex es can be  
p rep ared  from  m e l t s ,  and i n  c e r t a in  in s t a n c e s  i n  aqueous s o ­
l u t i o n s .  C e r ta in  p o ta ss iu m  f lu o r o m e t a l la t e  co m p lex e s , o f  th e  
ty p e  KMeF^, have a ro u sed  c o n s id e r a b le  i n t e r e s t ,  s in c e  th e y  
are o f  th e  p e r o v s k lt e  s t r u c t u r e ,  and e x h i b i t  a n t i- f e r r o m a g -  
etism *  The r e c e n t  d e te r m in a t io n  o f  th e  s t r u c t u r e  o f  some o f  
th e s e  com p lexes^  h a s ended c o n s id e r a b le  c o n tr o v e r s y  c o n c e r n in g  
t h e i r  s t r u c t u r e s .  In  C hapter I I I  some s t r u c t u r a l  p r o p e r t i e s  
o f  th e  f lu o r o m e t a l la t e  co m p lex es a re  c o n s id e r e d . From th e  
x - r a y  pow der p h o to g ra p h s I t  h a s b een  p o s s i b l e  t o  r e l a t e  th e  
s t r u c t u r e s  o f  th e  ammonium and rubidium com p lexes t o  th e  known 
s t r u c t u r e s  o f  th e  p o ta ss iu m  c o m p lex e s , and in  some in s t a n c e s  
t o  show t h e i r  isom orp h ism . X -r a y  powder p a t t e r n s  have a l s o  
made i t  p o s s ib l e  t o  show th e  s t r u c t u r e s  o f  th e  c o m p le x e s , a s  
p rep a red  in  m eth a n o l, t o  be i d e n t i c a l  t o  t h a t  o f  th e  same 
compound p rep a red  b y  o th e r  m eans. The th erm al d e c o m p o s it io n  
o f  some o f  th e  ammonium f lu o r o m e t a l la t e s  h a s  b e e n  s t u d ie d  
and th e  r e s u l t in g  p r o d u c ts  i d e n t i f i e d  b y  means o f  a n a ly s is  
o r  x - r a y  powder p a t t e r n s .  I n fr a r e d  s p e c t r a  have a l s o  b e e n
3utilized in the study of certain ammonium complexes and the 
spectra have been related to the structural characteristics 
of the compounds.
In the appendix is Included a description of some 
computer programs for the calculation of interplanar spaclngs 
from the cell constants of the various crystal systems.
These were written for use with the I.B.M. 70i|. computer at 
the Massachusetts Institute of Technology, and have been use­
ful in the Interpretation of x-ray data. Also included in 
the appendix is a published note concerning the use of Halo- 
carbon oil as a mulling agent. This was developed in connec­
tion with the infrared work on the ammonium fluorometallates.
CHAPTER I
[Reprinted from the Journal of the American Chemical Society, 80, 2062 (1958).]
Copyright 1968 by the American Chemical Society and reprinted by permission of the copyright owner.
[C o n t r ib u t io n  p r o m  t h e  D b p a r t m b n t  o p  C h e m is t r y , U n iv e r s it y  o f  N e w  H a m p s h ir e ]
The Synthesis of Ammonium Fluorometallates in Methanol1*
B y  H e l m u t  M. H a e n d l e r ,  F r e d e r i c  A. J o h n s o n 16 a n d  D a v i d  S. C r o c k e t
R e c e iv e d  D e c e m b e r  0, 1957
A series of seventeen anhydrous ammonium fluorometallates has been prepared by reaction of methanol solutions of the 
metal bromides and ammonium fluoride. The products have been identified by X-ray and chemical analysis.
Introduction
The chemistry of reactions of simple inorganic 
compounds in organic solvents has been somewhat 
neglected, attention having been concentrated on 
organic systems containing water as one compo­
nent. Comparisons of solubilities suggested to us 
the possibility of preparing anhydrous fluorides by 
metathesis in methanol, using ammonium fluoride 
and a metal halide. I t was found, however, that 
in most cases an ammonium fluorometallate was 
produced.
A m m on iu m  fluorometallates have long been of 
interest because of the structural problems they 
present, in themselves and in relation to fluoromet­
allates of the alkali metals, and because of their po­
tentialities as sources for anhydrous metal fluo­
rides. Methods of preparation analogous to those 
used for the alkali complexes have not always been 
successful. Formation by fusion with ammonium 
fluoride is affected by the low decomposition tem­
peratures of the ammonium complexes. Reactions 
in water or aqueous hydrogen fluoride solution often 
lead to hydrates, oxy- or hydroxy-compounds. 
The use of liquid hydrogen fluoride or bromine tri­
fluoride as solvent and reactions with fluorine 
introduce obvious experimental difficulties.
Consequently, there have been some instances of 
failure to prepare specific compounds and other 
cases which appear to involve information based 
upon impure compounds. Cox and Sharpe,* for 
example, recently have pointed out that although 
several workers have reported different unit cell 
dimensions for ammonium hexafluoroferrate(III), 
(NH^aFeFj, none has reported analytical data. 
Their analyses indicate that all earlier studies, in­
cluding their own, were actually made on (NH«)*.«- 
FeF*.**0.4H*O.
(1) (a) This work waa aupported in p a rt by  tb* Atomic Energy 
Commlaakm. (b) National Science Foundation Fredoctoral Fellow.
(2) B. Cos and A. C . Sharpe. J .  Cktm. Soc„ 1798 (IBM).
Experimental
Preparation of the M etal Bromides.—In each case the 
bromide was prepared by action of bromine on finely divided 
metal suspended in methanol. Excess bromine was used, 
except in the preparation of the  iron(II) complex. The 
bromine was added in 1-ml. portions from a  dropping 
funnel to  a  stirred suspension of 0.1 mole of metal in approxi­
mately 100 ml. of cooled "Absolute”  methanol. The 
resultant solution was filtered to remove any insoluble 
residue and diluted to an approximately known molarity in a 
volumetric flask. The method is similar to tha t of Osthoff 
and West* and of Ducelliez and Raynaud.*
Preparation of the  Complexes.—In all cases the reaction 
was carried out by the addition of metal bromide solution 
to  a  rapidly stirred saturated solution of ammonium fluoride 
in a polyethylene container. The volume of the bromide 
to  be added was estimated from the approximate molarity 
of the metal bromide solution, the fluoride to metal ratio of 
the product expected, and the molarity (about 0.5 M )  of the 
saturated ammonium fluoride solution. Generally a large 
excess of ammonium fluoride was used. Ammonium bro­
mide is more soluble in methanol than is ammonium fluoride, 
the solubility of the latter being roughly 2 g./lOO ml. of 
methanol.
In general the products were filtered with suction and 
washed on the filter with cold methanol until a test of the 
washings with aqueous silver nitrate showed them to be free 
from bromide. They were then washed with anhydrous 
ether, and dried in an oven a t  60°. Digestion of a product 
was advisable to  promote crystallization for better X-ray 
powder patterns, the samples being placed either in meth­
anol or in a  methanol solution of ammonium fluoride in a 
polyethylene container and kept a t 40-50° for as long as a 
week. I t  was later found th a t running the initial reaction 
a t about 00° greatly improved the quality of the powder 
patterns obtained. Negative tests tor metal ions, made 
with some, filtrates indicate th a t precipitation is quantita­
tive.
Analytical.—Ammonia was determined by distillation 
from strongly alkaline solution into cold boric acid solution, 
followed by titration with hydrochloric ad d , using brom 
cresol green indicator.
Fluorine was determined by distillation from sulfuric or 
perchloric ad d  solution followed by titration of aliquots of 
the distillate with cerium(III) chloride, using murexide
(8 ) R. C . OrthoO and R . C. W e r t ,  T h i s  J o u r n a l ,  TS, 4732 (IBM). 
(4) F . Ducelliez and A. Raynaud, Comfit, rtnd., 188, 578, 2992 
(1914); A. Raynaud, ibid., 181, 1069 (1925).
June 5, 1958 S y n t h e sis  o f  A m m onium  F lu o ro m eta lla tes  in  M eth a n o l 2663





% Metal method Color
NH4BiF, NH4, 5.95 NH4, 5.89, 5.90
WhiteBi, 68.97 Bi, 68.63,68.80 Phosphate
F, 25.08 F, 26.70,26.69
NH«CdF, NH„ 9.62 NH4, 9.41, 9.41
Cd, 59.96 Cd, 59.76,59.68 Anthranilate White
F, 30.42 F, 31.11,30.06
NHsCoF, NHs, 13.45 NH4, 13.97,14.09
Co, 44.00 Co, 42.36,42.40 Electrolysis Pink
F, 42.55 F, 41.21,41.42
NH4CuF, NHi, 13.00 NH4, 13.22,13.26
Cu, 45.87 Cu, 45.72,45.49 Electrolysis Blue-white
F, 41.13 F, 40.58,40.61
NH4MnFs a . . . . Light piuk
NH4ZnF, NH., 12.84 NH4, 12.80,12.89
Zn, 46.54 Zn, 46.53,46.59 Anthranilate White
F, 40.62 F, 40.67,41.10
NH4MgF,* NH4, 18.15 NH4, 16.80,16.20
Mg, 24.48 Mg, 20.70,20.80 8-Quinolinol complex White
F, 57.37 F, 55.20,55.30
NH4FeF, e Oxide Buff
(NH4),NiF4d NH4, 21.13 NH4, 20.60,20.67
Ni, 34.37 Ni, 32.26,32.38 Electrolysis Yellow and white
F, 44.50 F, 44.29,44.30
(NH4),GeF, NH4, 16.20 NH4, 15.30,15.98
Ge, 32.60 Ge, 33.10 Oxide White
F, 51.20 F, 50.81,51.26
(NH^sSnFs NH4, 13.41 NH4, 13.08,13.25
Sn, 44.16 Sn, 44.20,44.55 Oxide White
F, 42.43 F, 42.80,42.33
(NHO.ThF, NH4, 9.43 NH4, 8.68, 8.57
Th, 60.75 Th, 59.90,59.85 Oxide White
F, 29.82 F, 29.09,28.84
(NHOsTiF, NH4, 18.21 NH4, 18.09,18.19
Ti, 24.21 Ti. 23.95,24.08 Cupferron White
F, 67.58 F, 56.75,66.70
(NHOiAlF, a . . . . White
(NHO^PeF, NH4, 24.16 NH,. 24.16,24.18
Fe, 24.94 Fe, 25.00,24.82 Oxide White
F, 50.90 F, 51.00,50.95
(NH4),InF, NH4, 19.12 NH4, 19.11,19.15
In. 40.57 In, 40.67,41.29 Oxide White
F, 40.31 F, 40.94,40.08










“ Identified by powder pattern. * Composition varies with method and duration of washing. X-Ray diffraction shows 
only lines attributable to a cubic substance with a = 4.07 A. and similar to KMgFi. • X-Ray pattern shows contamination 
with (NlDiFeFs. The remaining lines are completely analogous to the patterns for NH4MnF4 and NH4C0F1, indicating 
NH,FeFj. Analysis for NH4+ and Fe++ also indicates this, although values found differ somewhat from the theoretical 
due to contamination with (NH4),FeFt. Bromide solution was prepared with large excess of iron and inert atmosphere. 
d Two nickel compounds appear to form, determined by reactant in excess, as shown by difference in powder patterns; 
thermal decomposition of the yellow form indicates that an intermediate NH4NiF4 exists.
indicator,' and subsequently by titration with thorium 
nitrate, using the oscillometric method of Grant and Haend- 
ler.'
(8) C. Braniaholt and J. Mlchod, Belv. Chim. Acta, ST, 808, 1846
uoB4).; ,
(6) C. L. Grant and H. M. Haendler, Anal. Chem., 16, 418 (1086).
(7) D. C. Bradley, B. V. Caldwell and W. Wordlaw, J , Cheat. Sot., 
8030 (1067).
(8) H, Von Helmholt, Z. anorg. Chem., S, 115 (1803).
(0) j .  W. Mellor, “A Comprehensive Treatise on Inorganic and 
Theoretical Chemistry,”  Vol. VII, Longmans, Green & Co., New York, 
N. Y., 1027, p. 71.
(10) F. Nuka, Z. anorg. Chem., 180, 238 (1020).
(11) R. Wagner, Ber., 10, 806 (1880),
Metal was determined by a suitable standard analytical 
procedure, as indicated in the table.'
Results
The ammonium fluorometallates prepared in this 
research are listed in the accompanying table, Ana­
lytical data are listed except for those compounds
(12) J. W. Mellor, re t 0, Vol. XV, p. 404.
(13) J. C. G. de Marignac, Ann. Mines, (51 IS, 20 (1887); see also 
J. W. Mellor, ref. 8, Vol. VII, p. 422.
(14) H. BodeandB. Voss, Z. anorg. Chem., 880, 1 (1087).
(16) H. M. Haendler, C. M. Wheeler and D. Robinson, T h is  Joun- 
NAL, TO, 2862 (1082).
2664 H. M. H a e n d l e r , F. A. J o h n s o n  a n d  D. S. C r o c k e t Vol. 80
which were identified by reference to known X-ray 
diffraction patterns. In cases where a compound 
of apparently similar nature has been reported, the 
reference is given. As suggested by Cox and 
Sharpe,1 however, some of these may be open to 
question. Preliminary tests, for example, indicate 
some differences in color and infrared spectra be­
tween the iron(III) complexes prepared from water 
and from methanol.
A number of metals did not produce fluorometal­
lates. Barium, strontium and calcium precipi­
tated the corresponding metal fluoride. Thal­
lium, selenium, tellurium and antimony bromide 
solutions gave no precipitate with ammonium fluo­
ride. Mercury(II) appears to form a complex 
bromide, and lead bromide is too insoluble in meth­
anol. Some metals, such as vanadium, niobium,
molybdenum and uranium, produce ammonium 
oxy- complexes which will be discussed separately.
All complexes give usable X-ray powder patterns, 
but in some cases only after digestion. Analytical 
data were also found to improve following digestion 
either in pure methanol, or in a methanol solution of 
ammonium fluoride.
Little as yet is known as to the mechanism of the 
bromination of metal in methanol, or as to the spe­
cies present in the methanol solutions of the metal 
bromides. The work of Bradley, Caldwell and 
Wardlaw7 with tin(IV) chloride in various alcohols 
suggests the presence of species such as SnCl*(OR)- 
ROH, a suggestion which also appears valid for 
work we are doing with niobium and vanadium.
D u r h a m . N . H .
7The P r e p a r a t io n  o f  Dlammonium T e t r a f lu o r o c u p r a te  (II)_
In addition to those ammonium fluorometallates listed 
in Chapter I, another compound has recently been prepared.
It has the stoichiometric formula (NH^ ^CuFj^  and is a pale 
blue color, making I t very difficult to distinguish i t  visu­
ally from NH^ CuF^ . The tetrafluorocuprate complex has been 
found to form when a methanol solution of copper (II) bromide 
Is added very slowly to a large excess of ammonium fluoride 
in methanol. If the concentration of copper (II) bromide be­
comes too great NH^CuFjj is formed. The la tter Is apparently 
the more stable equilibrium form. During the precipitation 
of (NH^ ^CuF]^  the supernatant methanol solution assumes a deep 
bluish color similar to that of copper (II) ammonium complex. 
This is apparently due either to a soluble complex of higher 
ammonium Ion to copper 1 on ratio, or to the solubility of the 
(NHj^ )2 Cu^ i|. itse lf. When the concentration of copper (II) 
bromide has increased to a point where the NHj^ CuF^  is formed, 
this blue coloration of the supernatant methanol disappears.
The (NHjj^ CuF^  can be distinguished from the NHj^ CuP^  both by 
its  powder pattern, and by its  infrared spectrum. The infra­
red spectrum of (NHjj^ CuF^  is discussed further In Chapter III.
E x p e r im e n ta l
Fluoride was determined by distillation as fluoro- 
slllc lc  acid from sulfuric acid solution and titration with 
thorium nitrate by the oscillometric method .^
Copper was determined as the anthranilate.
Anal. Calcd for (NHj^ )2 0uF^ i Cu, 36.17; F, lj.3.25. 
found: Cu, 36.97» 36.1|.0; F, ij.2.f>0, 1|2.80.
CHAPTER I I
8The Fluorometallates of Potassium. Rubidium and Cesium
The fluorides of potassium, rubidium and cesium are 
somewhat soluble in anhydrous methanol. These alkali fluorides 
undergo reaction with metal bromides in methanol in a similar 
manner to that of ammonium fluoride. The products formed in 
these reactions are listed in tables X, II, and III along with 
analytical data, color, and references to other work concerning 
the compound. The metal bromides reacted with the alkali 
fluorides in this study were chosen to represent the various 
stoichiometric combinations found among the ammonium fluoro­
metallates, as well as several such as cobalt and manganese 
which were selected because of interesting structural possi­
bilities.
A comparison of tables I, II, and I I I  with that of 
the ammonium fluorometallates in Chapter I discloses several 
Interesting points. A consideration of the colors of the 
compounds shows as expected that the color is governed by the 
heavy metal cation under consideration, although there is some 
variation as to shade. Several anomalies can be seen in the 
stoichiometric ratios of some of the metals when the ammonium, 
potassium and rubidium complexes are compared. Nickel forms 
(NHjj^ NiFij., KNiP^ , and RbNiF^ , while zirconium forms 
(NH|^ ) 3 ZrP?, K^ ZrFfc and Rb^ ZrPy, and copper forms (NHj^ ) 2 CuPj^ , 
(JJIfy)CUP3 , KCUF3 , and RbCuF^ . In all other cases the stoichio­
metric ratios of the ammonium, potassium and rubidium coiqslexes 
are the same for each heavy metal considered. This cannot be 
explained on the basis of size of the alkali or ammonium ion
Table I
Potasslun Fluoronetallatei




Metal Method Color Refers




















































































Anal. Found Metal Method Color Befer
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a* A alzture is formed which is approximate! 7 56,6^ BbBiF^ and 43.4^ HbBigF^
Table III
UVBAIU * J.IIV1WKDWS4.AA9VB
Formula Anal. Calod. Anal. Found 
* ....................
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Manganese
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Niekel mixture - e - - -





























o, Analysis and x-ray powder patterns indloate several compounds foraed
I t
Involved since the Ionic radii are K - 1.33A, NHl.l | .3A, 
and Rb = 1 .1j.8 a. In the packing of ions in a crystal i t  would 
be expected that the smaller size of the K ion would permit 
the association of more potassium ions with the heavy metal 
ion. This would be reflected in the stoichiometry by a higher 
potassium ion to heavy metal ion ratio than ammonium ion to 
heavy metal ion ratio. Such is not the case. Considering 
now the concentrations, i t  is noted that a large excess of 
the alkali fluoride or ammonium fluoride was used in all the 
reactions, thus favoring the formation of the complex of high 
ammonium or alkali to metal ratio. Since KgNiP^  and I^CuF^^- 
are both known, from the concentrations used i t  would be 
expected that these would be formed. Except for the ammonium 
copper and rubidium bismuth complexes there was no evidence 
either from x-ray powder patterns or from analytical data for 
the existence of more than one potassium, rubidium or ammonium 
compound, hooking to those metals which form complexes whose 
stoichiometry is identical for the potassium, ammonium and 
rubidium compounds, i t  is interesting to note that iron (III), 
cobalt, manganese and zinc all have simple cubic structures. 
This would tend to indicate the Importance of the crystal 
structure on the relative stabilities of possible complexes.
The reactions of cesium fluoride with various metal 
bromides, as seen In table III, present a completely different 
situation from that found with ammonium, potassium, or rubidium 
fluoride. The large size of the cesium ion, 1.6£a> seems to 
be a definite factor as to the conplex formed. In each case
13
where a single compound was Isolated the cesium ion to metal 
ion ratio has been less than for the corresponding ammonium, 
potassium or rubidium complexes* Of special interest is the 
cobalt complex CsCo2 F5 * for in this case the cesium ion to 
cobalt ion ratio is less than one. i t  is likely that a simi­
lar situation exists with zinc and manganese as well, for 
powder pattern evidence indicates the existence of more than 
one compound, and analysis indicates low cesium content in 
some of the mixtures. Schmitz-Dumont^  has shown the existence 
of CsZ^F  ^ in the fused system CsF-ZnF. However powder pat­
terns taken of the products of the reactions of various con­
centrations of cesium fluoride and zinc fluoride in methanol 
have not corresponded to the powder patterns taken by Schmltz- 
Dumont. The bismuth complex CsBigFy also has a cesium ion to 
metal ion ratio of less than one. In the case of bismuth, 
however, this tendency firs t appears in the rubidium reaction 
which has a product that is apparently a mixture of RbBiFj^  and 
RbBigFy. That bismuth should do this 1b somewhat anomalous 
in that bismuth is the largest of the heavy metal cations 
considered. Again the answer probably lies in the relative 
stabilities of crystal structures involved, which in this case 
are not known.
The failure of both cadmium and copper to form cesium 
complexes is also rather interesting. In the oase of cadmium 
a possible explanation lies in the low relative affinity that 
cadmium (II) shows for the fluoride ion. This has recently 
been pointed out by Ahrland, Chatt and Davies* .^ This would 
tend to give cadmium a mediocre ability to form a complex
u*
f lu o r id e  a n io n . T h is  c o u p le d  w ith  th e  r a th e r  la r g e  s i z e  o f  
th e  ces iu m  io n  r e s u l t s  i n  th e  p r e c i p i t a t i o n  o f  cadmium f l u o r i d e .  
T here i s  no o b v io u s  e x p la n a t io n  f o r  th e  b e h a v io r  o f  th e  c o p p e r .
In  c o n s id e r in g  th e  c o u r se  o f  th e  r e a c t io n  ta k in g  p la c e  
in  m eth an o l s o l u t i o n  b e tw een  th e  a l k a l i  f l u o r id e  and th e  m e ta l  
brom ide l i t t l e  can  be c o n c lu d e d . The fo r e m o st  unknown f a c t o r  
i s  th e  s p e c i e s  o f  th e  m e ta l brom ide p r e s e n t  i n  th e  m eth a n o l 
s o l u t i o n s .  C olor  ch a n g es on d i l u t i o n ,  h e a t in g  and upon th e  
a d d it io n  o f  s m a ll  q u a n t i t i e s  o f  w a ter  seem  t o  i n d ic a t e  in  
some c a s e s  a t  l e a s t  th a t  th e r e  i s  m e th a n o la t io n  o f  th e  m e ta l  
i o n .  That th e  fo r m a tio n  o f  th e  com plex  i t s e l f  i s  n o t  s t r i c t l y  
an i o n i c  r e a c t io n  i s  in d ic a t e d  by th e  s lo w n e s s  o f  some o f  th e  
r e a c t i o n s ,  e s p e c i a l l y  th o s e  o f  c o b a lt  brom ide and n i c k e l  brom ide  
w ith  ammonium f l u o r i d e .  H ea tin g  o f  th e  s o l u t i o n  in c r e a s e s  
th e  r e a c t io n  r a t e  c o n s id e r a b ly .  From th e  r e a c t io n  o f  f e r r i c  
brom ide w ith  sodium  f l u o r id e  i n  m eth a n o l, th e  im m ed iate  d e -  
c o l o r i z a t i o n  o f  th e  f e r r i c  brom ide s o l u t i o n  i n d ic a t e s  th e  
fo r m a tio n  o f  a c o l o r l e s s  a n io n , p r o b a b ly  th e  h e x a f lu o r o f e r r a t e  
( I I I )  io n .  In  th e  c a se  o f  r e a c t io n  w ith  sod ium  f l u o r i d e ,  
h o w ev er , no in s o lu b le  com p lex  I s  form ed , p r o b a b ly  due t o  th e  
sm a ll s i z e  o f  th e  sodium  i o n .  S im i la r ly  c o b a l t ,  m anganese  
and cadmium f a i l  t o  form  a p r e c i p i t a t e  w ith  sod ium  f l u o r i d e .
T h is  w ou ld  te n d  t o  in d ic a t e  t h a t  th e  f i r s t  s t e p  i n  t h e s e  r e ­
a c t io n s  i s  th e  fo r m a tio n  o f  a  s o lu b le  com p lex  a n io n , and t h a t  
i n  some c a s e s  a t  l e a s t  th e  f i r s t  s t e p  i s  c o n s id e r a b ly  f a s t e r  
th a n  th e  su b seq u en t o n e s .  The n ic k e l  o r  c o b a l t  r e a c t io n s  
w ou ld  seem  t o  be th e  m ost p r o m is in g  i n  w h ich  t o  f u r t h e r  I n v e s ­
t i g a t e  th e  p rob lem .
1 5
Experimental 
Preparation of the Metal Bromides 
The metal bromides were prepared by the addition of 
bromine to the metal shot, powder or metal fo il suspended In 
methanol. Approximately 0.1 mole of the metal was used In 
1 0 0  m illilite rs  of methanol; with an excess of bromine;, a 
small amount of unreacted bromine having no apparent effect 
in the subsequent complex formation. Any residue was removed 
by f iltra tio n , and the bromide solution diluted to an approxi­
mate molarity. The methanol solutions of the metal bromides 
remained clear indefinitely with the exception of copper and 
iron (III) ,  m these two cases a residue formed on standing, 
and i f  the solutions were refilteqped and used produced anomalous 
results in the formation of the complexes. This is discussed 
further In Chapter III .
Preparation of the Complexes 
In a ll cases the complexes of potassium, rubidium 
and cesium were prepared by the addition of a methanol solu­
tion of the metal bromide to a concentrated solution of the 
alkali fluoride in methanol. The amount of metal bromide 
added to the alkali fluoride solution was estimated so that 
an excess of the alkali fluoride remained at completion of 
the reaction. The f iltra te s  were checked for the presence of 
alkali fluoride. The products were washed several times by 
decant at ion with a dilute solution of alkali fluoride in 
methanol and finally  with pure methanol, filte red  by suction, 
washed on the f i l t e r  paper with methanol, and dried at 1 1 0 °C. 
Regrindlng of the product and digestion in dilute methanol
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solution of the alkali fluoride was necessary, particularly 
in the case of the potassium complexes* The gelatinous nature 
of the products caused considerable entrapment of potassium 
bromide which could not be removed by washing on the filter*
In some cases several successive grindings and digestions 
were necessary to remove all of the contaminating potassium 
bromide. As in the case of the ammonium fluorometallates, 
prolonged digestion of the complex in a dilute solution of 
the alkali fluoride in methanol greatly improved the quality 
of the x-ray powder pattern obtained. The quantitative nature 
of the complex formation was indicated by negative tests for 
metal ion in the filtrates during preparation*
A n a ly t i c a l
Cesium was determined by precipitation with sodium 
tetraphenyl boron at a pH of four to six, and a temperature 
of about l4.0°C*, dried at 110°C. and weighed as the cesium 
tetraphenyl boron1^ . In cases where the heavy metal Ion of 
the complex would precipitate as the hydroxide at this pH,
It was firs t removed by the addition of a small quantity of 
sodium hydroxide, and the pH readjusted with acetic acid after 
filtration.
Fluorine was determined by distillation of fluorosilicic 
acid from sulfuric acid solution followed by titration with 
thorium nitrate using the osclllometric method of Grant and 
Haendler^.
The determination of the heavy metal was carried out 
by a standard analytical procedure as indicated in tables I,
I I ,  o r  I I I .
CHAPTER III
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The Structural Studies of some Fluorometallate Complexes
Introduction
The structures of many fluorome tall ate complexes have 
been lnvestlgated^*^*^,^,®,^,11« In the few cases where 
single crystals have been obtained, there has been little  
doubt as to the validity of the work reported. At times, 
however, the structures reported have been based on fragmen­
tary evidence, and considerable controversy has ensued. Cox
Q
and Sharpe7, for example, have shown that In the case of
earlier workers had actually been working with 
(MH^ )2.6*'e®,5.6*0.UH2 0 . It is possible that a similar situa­
tion exists with many of the complexes prepared In aqueous
solution, particularly If the fluoride analysis has been
3
assumed by difference. More recently Knox has reported the 
potassium fluorometallate complexes of divalent cobalt, 
manganese, Iron, nickel, and zinc as being cubic, In contrast 
to the pseudo cubic structure reported by Martin, Nyholm and 
Stephenson** and more complex structures Indicated by earlier 
workers, m  general, those complexes whose structures are 
known can be crystallized from fused systems, or have little  
tendency to form hydrates and hence can be crystallized from 
water. There are many fluorometallate complexes, however, 
that have not been successfully prepared by either method 
which can be prepared In methanol, this being particularly 
true of some of the ammonium complexes. Attempts to prepare 
single crystals from the reaction In methanol has been un­
successful even when the reaction was carried out by a slow
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diffusion process, and no suitable solvent has been discovered 
from which recrystallization can take place. Fortunately 
however the complexes formed In methanol are sufficiently 
crystalline to produce very good x-ray powder patterns In many 
cases. These powder patterns together with infrared data on 
the ammonium complexes have been the basis of this investi­
gation.
In the following pages the ammonium fluorome ta l l  ate s 
are discussed as to their thermal decomposition, and as to 
the relationship between their infrared spectra and their 
structure as Indicated from their powder patterns. The 
isomorphism of the complexes of zinc, manganese, and cobalt 
is shown and is discussed in relation to the known structure 
of their potassium complexes. The structures of the ammonium, 
potassium, and rubidium complexes of copper as indicated from 
their powder patterns are compared with the cubic perovsklte 
compounds and the known structure of KCuF^ , and the differences 
indicated are discussed in relation to the ligand field  theory. 
The interplanar spacings of several other complexes as read 
from the powder patterns are compared with the values calcu­
lated from the cell constants for the complex prepared by 
other means.
The Thermal Decomposition of Some Ammonium Fluorometallatea
The differential thermal analysis of ammonium trifluoro- 
cuprate (I I ) , ammonium trlfluoromanganate (II) and ammonium 
Trifluorocobaltate (II) were carried out for comparison with 
the results previously reported^* for ammonium trifluorooad- 
mate and ammonium trifluorozlncate. In each case a plot of
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d i f f e r e n t i a l  tem p eratu re  a g a in s t  th e  tem p eratu re  o f  th e  sam ple  
g iv e s  a  curve w ith  one p ea k . The r e a c t io n  in v o lv e d  i s  r e p r e ­
s e n te d  b y  th e  e q u a t io n
NHjjMeF^  —*■ MHjjFf + MeFg
The temperatures at which these reactions take place are 
290°C. , 300°C. , and 310°C. for m ^ G o F y  and
respectively. The products of these reactions were identified 
as the metal fluorides from their x-ray powder patterns. In 
the case of NH^CuF^  a rather anomalous situation arose. The 
product of the decomposition, which was identified as CuFg 
from the powder pattern, was dark brown in color, whereas 
CuF2  is normally white. This brown coloration persisted even 
when the decomposition was carried out in a stream of dry 
helium. As with the normal white copper fluoride, the brown 
decomposition product on exposure to moist air evolves hydrogen 
fluoride and becomes a bluish green powder, which can be iden­
tified from the x-ray powder pattern as CuOHF. There is no 
residual dark coloration. This together with the absence of
copper oxide lines in the x-ray powder pattern of the decom­
position product indicates that the dark color is not due to
simple contamination with copper oxide. Table IV lists  the
interplanar spacings "dn of the brown decomposition product 
and a known sample of copper (II) fluoride. In connection 
with this color anomaly, i t  has been noticed that differences 
in the color of the complex have occurred during preparation 
of NHjjCuF^ - When a fresh solution of copper (II) bromide in 
methanol is used the complex is almost white, but if  the
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Table IV
COMPARISON OF INTERPLANAR SPACINOS 
FROM X-RAY POWDER PHOTOORAPHS 
Known Sanqple De c o m p o sItio n ^ P ro d u c t
CuFg NHjt^CuF^
He
££ssJ! d Llfte £ d
1 J+ . 8 2 1 4.78
2 3.21 2 3.23
3 2 . 8 2 3 2 . 8 0
k 2 . 6 6 k 2.65
5 2 . £ 2 5 2.52
6 2.39 6 2.39
7 2.27 7 2.27
8 2 . 2 0 8 2 . 2 1
9 9 2 . 0 8
1 0 2.03 1 0 2.03
1 1 1 . 8 1 1 1 1 . 8 2
1 2 1.77 1 2 1.77
13 1 . 6 8 13 1 . 6 9
lfc 1 . 6 5 lij. 1 . 6 6
1 ? 1.63 15 1 . 614.
1 6 1 . 6 0 1 6 1 . 6 l
17 1.51 17 1.51
1 8 l.ljll. 1 8 1 .1*1*
19 1 .1 * 1 19 1  . 1 * 1
2 0 1.37 2 0 1.37
>er ( I I ) bromide has been allowed to stand for a few days
complex is quite blue. A definite connection can also
b e n o t i c e d  b e tw een  th e  b lu e  c o lo r  o f  th e  com plex and th e  
brown c o lo r  o f  th e  d e c o m p o s it io n  p r o d u c t .  T here i s  no d e t e c t ­
a b le  d i f f e r e n c e  i n  th e  pow der p a t t e r n s  o f  th e  com p lex  r e g a r d ­
l e s s  o f  d e g r e e  o f  c o lo r a t io n .  A s i m i la r  s i t u a t i o n  o c c u r s  i n  
th e  p r e p a r a t io n  o f  KCuF^. In  th e  c a se  o f  KCuF^ i t  h a s  b een  
p o s s i b l e  t o  e s t a b l i s h  a  c o n n e c t io n  b e tw een  th e  b lu e  c o lo r  o f  
th e  sam ple and th e  r e p la c e m e n t o f  f l u o r i d e  Io n  b y  h y d r o x id e  
i o n .  The b l u e s t  o f  th e  p o ta s s iu m  co m p lex es p ro d u ced  was shown
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b y  a n a l y s i s  t o  be th e  e x tr e m e  c a s e  KCuOHFg* The p r e s e n c e  o f  
th e  h y d r o x y l group was c o n firm e d  w it h  I n fr a r e d  s p e c t r a  b y  th e  
ap p earan ce  o f  a band In  th e  r e g io n  314-OOcm"1 , a s  s e e n  i n  
f i g u r e  I .  I t  h a s a l s o  b e e n  n o t i c e d  t h a t  i f  a s m a l l  amount 
o f  w a te r  i s  added t o  th e  co p p er  ( I I )  brom ide s o l u t i o n ,  r e a c t i o n  
w it h  p o ta s s iu m  f lu o r id e  s o l u t i o n  i n  m eth a n o l p r o d u c e s  CuOHF.
I t  I s  s u g g e s te d  th e n  t h a t  th e  brow n c o lo r  o f  t h e  d e c o m p o s it io n  
p r o d u c t as w e l l  a s th e  b lu e  c o lo r  o f  t h e  com p lex  I s  due t o  
th e  r e p la c e m e n t o f  f l u o r i d e  io n s  b y  h y d r o x id e  Io n s  t o  a  
v a r y in g  e x t e n t .  S in c e  th e  x - r a y  pow der p a t t e r n s  are  I d e n t i c a l  
r e g a r d le s s  o f  c o lo r  i t  ap p ears t h a t  th e  f l u o r i d e  io n s  a re  
r e p la c e d  w ith o u t  d i s t u r b in g  th e  c r y s t a l  s t r u c t u r e  o f  th e  com­
pou nd . That t h i s  i s  p o s s i b l e  can  be s e e n  b y  com paring th e  
c r y s t a l  s t r u c t u r e s  o f  co p p er  ( I I )  f l u o r i d e  a s  d e te r m in e d  b y
H a en d ler  and B i l l y h  w i t h  th e  s t r u c t u r e  o f  c o p p e r  f l u o r i d e
l£d ih y d r a te  as d e term in ed  by Bond and G e l l e r  . m  th e  d ih y d r a te  
two o f  th e  fo u r  f l u o r id e s  n e a r e s t  t o  th e  c o p p e r  h ave  b e e n  
r e p la c e d  b y  w a te r  m o le c u le s .  The c o p p e r -o x y g e n  d i s t a n c e  
rem a in s q u i t e  s im i la r  t o  th e  o r i g i n a l  c o p p e r - f lu o r in e  d i s ­
t a n c e ,  h o w ev er , b e in g  1.89 and 1.93A r e s p e c t i v e l y .  The d i f ­
f e r e n c e  b e tw een  th e  c o p p e r -o x y g e n  d is ta n c e  o f  a  h y d r o x id e  
Io n  and a w a te r  m o le c u le  i s  n o t  c o n s id e r e d  as b e in g  s i g n i f i ­
c a n t .
The th erm a l d e c o m p o s it io n  o f  th e  t e t r a f l u o r o n i c k e l a t e  
com p lex t a k e s  p la c e  a c c o r d in g  t o  th e  e q u a t io n s
(NH^) 2N iF ^  ----- * NH^N1F3  +  NHjjF t




















The nickel fluoride was identified from its  powder pattern, 
and the intermediate NHjjNiF3  by analysis for nickel and by 
comparison of the x-ray powder patterns of the decomposition 
products at several temperatures as indicated in figure III* 
The evidence for the existence of the intermediate NHj^ BfiP^  
can be seen by comparing the powder patterns for the 2 f>0 °0 . 
decomposition product with the known powder patterns of 
KNiP^  and NH^MnF^ . It Is noted that the values for the inter- 
planar spacings compare favorably with KNiF^  for a substance 
which might be expected to be isomorphous with i t .  The in­
tensities of the lines are comparable to that found for 
similar ammonium complexes as Illustrated by NH^MhP^ . The 
powder pattern for a known sample of NiP3  is also included. 
Mellor*  ^ mentions the decomposition of the diamraonium tetra- 
fluoroniekelate (II) complex to nickel fluoride, but gives 
no Indication that' an intermediate is formed. Figure II 
shows the thermal decomposition curve for (SH^ JgNlP^ , plotting 
differential temperature against the temperature of the 
sample. The firs t major peak in the curve indicates the 
formation of the intermediate Identified above, and the second 
peak the formation of nickel fluoride. The two smaller peaks 
are not readily explained, but may represent the release of 
adsorbed methanol. From this curve the decomposition temper­
ature of (NH^ )2 NiF|| was estimated to be 21jj0oC. and for MH^NiF^  
to be 335° C. The interplanar spacings for the intermediate 
NH||HIF3  are shown ih figure III and the infrared spectrum in 
table V.
N  5 ~  0
^  f t 8
V,
I I J _ 1 u I  I.
(n h A m k
* + 2 /0 *C.




H H + M n F j
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Anal. Calcd. for NH^NU t^Ni, 1+3.8 £. Pounds Hi,
1+3«30, 1+3.10. Calcd. for KCu(0H)F2: Cu, 1+0.31; F, 21+.10.
Pounds Cu, 39.72, 39.69; P, 21+.01, 21+.13.
H yd rogen  B on d in g  In  th e  Ammonium F lu orom e t a l l  a t e  a
T. C. Waddington1? has recently suggested the use of 
Infrared spectra in conjunction with x-ray powder patterns 
to show the presence of hydrogen bonding In ammonium com­
pounds . Cox and Sharpe  ^ have used a similar approach to show 
the absence of hydrogen bonding in triammonium hexafluoro- 
ferrate (III). The criterion used Is the free rotation of 
the ammonium Ion, which would be hindered by hydrogen bonding. 
If the ammonium compound is Isomorphous with the correspond­
ing potassium and rubidium compounds, as shown from the x-ray 
powder patterns, free rotation of the ammonium Ion would be 
indicated, and hence an absence of hydrogen bonding, m the 
infrared spectrum, free rotation of the ammonium ion would be 
indicated by a triple degeneracy in the 1/ 3  N-H stretching 
frequency and In the \J deformation frequency. This would 
appear in the Infrared spectrum of the complex as a lack of 
multiplicity of the lines in the 3000 cm. " 1  region, and the 
absence of a combination frequency at about 1 7 0 0  cm."1.
If both x-ray data and the infrared spectra indicate that 
there Is free rotation of the ammonium ion then there is pre­
sumably no hydrogen bonding. Waddington found that of the 
salts he tested in no case did the frequency appear
in those salts which were Isomorphous with their potassium 
and rubidium analogues. Table V lis ts  a series of ammonium
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fluorometallate complexes on which infrared spectra and x-ray 
powder patterns have been obtained*
Prom table V i t  can be seen that in the case of the 
cobalt, manganese, zinc and iron (III) complexes the absence 
of hydrogen bonding is indicated both from the x*!-ray powder 
patterns and the infrared spectra. In the ammonium tr i-  
fluorocuprate (II) complex the absence of the -0  ^ frequency
Indicates that there is no hydrogen bonding, and the x-ray 
powder patterns show a marked similarity in the structures of 
the ammonium, potassium, and rubidium complexes, as seen in 
figure VI. All three complexes can be indexed as tetragonal, 
and are probably Isostructural. The trifluoronickelate (II) 
complex presents an anomalous situation. In this case the 
Infrared spectrum indicates hydrogen bonding while the x-ray 
powder photographs point to Isomorphism between KNIF3  and 
NHjjNiF^ . Since the ammonium complex-has only been prepared 
by the thermal decomposition of (NH^^NiF ,^ It Is not com­
pletely pure, and of necessity the diffraction pattern of 
NHljNiF^  was obtained by comparison of the powder patterns of 
the reaction products at several temperatures with that of 
KNIF3  and NHjjMnF^  as seen in figure III. Thus, the isomorphism 
of the potassium and ammonium complexes cannot be taken as 
certain. The cadmium complex, and the copper and nickel 
complexes of higher ammonium to copper ratio, (HH^ JgCuF^  and 
(NHj^ )2 n I^}_ appear to have hydrogen bonding. In the cadmium 
complex hydrogen bonding is apparently quite pronounced as 
the frequency is quite intense, and powder pattern
Table V
Infrared Soeotra
Compound ^4 V’3 PotassiumComdex
Bubidlum
oomdex
nH4CuF3 1435 - 2880 3080 3260 a a
HH4CqF3 1445 - 3240 isostruotural isostruotural




MH.MnFj 1437 - 2845(sh) 3078(sh) 3260 isostruotural isostructural
nh4nif3 1425 1640
(slight)
2860(sh) 3120(sh) 3290 e d
HH4ZnF3 1435 - 2880(sh) 3090(sh) 3260 isostruotural isostruotural
(HH4)gCuF4 1430 1473 1677 (very 
slight)
2890 3070 3240 not isostrue- 
tural
e
(»H4)2HiF4 1415 1470 1717 2860 3140(sh) 3270 not isostrue- 
tural
c
(^JgFeFe 1432 - 2865(sh) 3035 3240 isostruotural b
a. compounds can be indexed as tetragonal, probably isostruotural g
b, powder pattern not good enough for positive identification, Cox and Sharpe
indicate no hydrogen bonding* 
e. compounds not known.
d, poor posder pattern, appears isomorphous
d. powder pattern for MH*NiP^ determined by comparison in Figure III appears 
isomorphous with KNfFj.
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(see tables XXVI and XXVII) indicates considerable distortion 
from that of KCdP^ .
Infrared Spectra and the structure of (NH^gNiF  ^ and. (HHj^ gCuF^
Aside from the possibility of hydrogen bonding, the 
infrared spectra of diammonium tetrafluoronickelate and dlam­
monium tetrafluorocuprate as seen in figures IV and V give 
evidence of further interesting structural characteristics.
In both complexes two widely separated peaks appear In the 
region connected with the ^ deformation frequency. In all 
other complexes on which infrared spectra have been obtained, 
only one well defined peak appears in this region lrregard- 
less of the stoichiometric ratio of the ammonium ions to the 
central metal ions. I t is further noted that the position of 
this V absorption band varies with the compound, ranging 
from about li|.2 5 > era. * ' 1  for most of the complexes to about 
IJ4 . 8 0  cm.”'1' for highly hydrogen bonded ammonium fluoride i t ­
self. Of the complexes reported in table V as having a single 
V^absorption band, of those whose crystal structure is known, 
every ammonium ion in the structure is Identical as to its  
environment. Wagner and Hornig1® have reported the splitting 
of the V ^ absorption band In NHjjBr at -190°C. This was 
accompanied by an increase In the sharpness of the peaks in 
the region of 3 0 0 0  cm.”1, and in the peak attributed to
1 1 1 1700 cm. ” 1  region. At room temperature the
spectrum of NH^ Br as well as that of MH^Ol1  ^ showed a slight 
shoulder on the high side of the absorption band, while the 
+  band was much less pronounced and quite broad. At a
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low temperature the \J ^ absorption band of NH^ Cl becomes 
degenerate and has only one sharp peak. Wagner and Homig 
have explained these spectra on the basis of NH^ Cl and NHjjB3? 
having the same structure at room temperature. In this struc­
ture the ammonium ions are randomly placed in the two possible 
equilibrium orientations in the crystal, giving rise to a 
slight degeneracy of the \ J ^ band. At temperatures below the 
X transition point, the ammonium ion in NH^ Cl assumes almost 
perfect tetrahedral symmetry, while in NH^Br a displacement 
of the bromide ions causes the ammonium ions to become less 
symmetrical, causing considerable splitting of the i s  ^ band.
In the case of (NH^^NiF^  an^ - (NHjtj.) 2 ®^ .^ tlie splitting of the 
1/ ^absorption band is of much greater magnitude than that 
found in NH^Cl or NH^ Br at room temperature, but at the same 
time the peaks in the 3 0 0 0  cm,”  ^ region and in the 
combination frequency cannot compare in either magnitude or 
sharpness with that found in NH^ Br at the low temperature*
In other words, if the distortion of the ammonium ion were 
great enough to produce \J ^ splitting of the magnitude found, 
it  would be expected that the \J i/7^  band would be much more 
pronounced and much sharper than is observed. It is suggested, 
therefore, that in the case of (NH^ J^ jNiF^  a*1** 
ammonium ions occupy two unequivalent lattice positions, one 
of which more closely approximates that of the ammonium ion 
in ammonium fluoride. The net effect then is that of having 
two distinct 1)  absorption bands. A structural study of 























this, and low temperature infrared spectra might also provide 
additional Information*
The Isomorphism of the Manganese (II). Cob a l t  and Zinc
(XI) Fluorometallates of Potassium. Rubidl«mt and Ammonium 
The Isomorphism of the manganese and cobalt fluoro­
metallates of potassium and ammonium is illustrated by figure 
VI, a photograph of the powder patterns of these compounds. 
The zinc complexes and rubidium complexes of manganese and 
cobalt, while not included in this picture are also isomorph­
ous . This similarity among these compounds is further illu s­
trated by comparing the values for the interplanar spacings 
which are listed in tables X - XVIII in the appendix. Also 
included are the values for the indices h, k, and 1  and the 
intensities of the lines. I t is interesting that a regular 
decrease in intensity is apparent for several corresponding 
lines in all four metals when the ammonium, potassium, and 
rubidium complexes are compared. An example of this is the 
reflection from the 1 0 0  plane which can be seen to be the 
strongest line in the ammonium complexes, is somewhat weaker 
in the potassium complexes, and all but disappears in the 
rubidium complexes. The values for h, k, and 1 assigned to 
the interplanar spacings indicate that these complexes can 
be indexed as simple cubic structures. In table VI values 
of the cell constant "a”, as calculated from the interplanar 
spacings, are listed for comparison with the values for "a11 
given for the potassium complexes by Knox^  and by Martin, 
Nyholm, and Stephensen . Nyholm and co-workers have assigned 
a pseudo-cubic structure to the complexes KCoF^ , KMnF^  and
KCoF.
KMnF.;
N H +  M n E j
FIGURE VI
Table VI
Unit Cell Parameter. "a"
ComDound This Work Knox Nyholm
KC0 F3 4. 078 4.071 4.07
KranF^ 4-19 2 4 . 1 8 2 4*19
KZ11P3 4.057 4 . 0 6 3 4.05
NH^ CoP3 4*129 — —
4.238 — —
NH|^ ZnP3 4.115 — « H
RbCoP3 4*l4l — —
RbMbP3 I4..2 I4 .3 — ----
RbZnP3 4 * 1 1 6 — « am
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KZnF^  on the basis of some weak lines In the powder patterns 
which could not be indexed as cubic. It is of interest that 
these compounds were prepared in aqueous media. In order to 
determine If a similar situation existed in the ammonium 
complexes prepared in methanol, jfbwder patterns with extremely 
long exposures were made for NHj^ CoP^  and NHj^ MnF^ using a 
111^ .56 mm. camera. No lines were discovered which could not 
be indexed on the basis of a simple cubic structure. The 
cubic structure of the potassium complexes recently shown by 
Knox is based on studies of single crystals grown from melts. 
These findings compare favorably with those indicated from 
the powder patterns of the potassium complexes prepared in 
methanol. The ammonium and rubidium fluorometallate complexes 
of cobalt, manganese, and zinc are seen to be cubic, by 
analogy to the potassium complexes, with which they are 
isostruotural.
The Anomalous Structures of the Fluorocuprates 
Prom a consideration of the ligand field theory, 
copper (II) with nine d electrons is predicted to exhibit 
somewhat different structural behavior than that found for 
the other members of the first transition series in the +■ 2  
oxidation state. Txi a complex fluoride, copper would be ex­
pected to be surrounded by six fluoride ions. The field 
created by these ions causes the normally degenerate five d 
orbitals of the copper ion to be split Into two d<y< and three
dfc orbitals. The arrangement of the electrons in these
to 3orbitals is dt , dT resulting in an asymmetric arrangement 
of the dT subshell. Copper is thus expected to form compounds
37
with four bonds in a plane and two longer bonds (or shorter) 
normal to the plane. An example of the former is copper (II) 
fluoride, the structure of which, determined by Haendler and 
B illyh , shows a distortion from the ru tile  structure gener­
ally found for the MeP2  transition metal fluorides, with two 
different Cu - F distances* As an example of the la tte r,
Knox1 1  has shown that K2 CuF|^  has four fluoride ions in a 
plane about a central copper ion with two fluorides at a 
lesser distance. I t is not surprising therefore that the 
fluorocuprate complexes of ammonium, potassium, and rubidium 
do not show the simple cubic structures found with cobalt 
and manganese. This is illustrated in figure VI which compares
the x-ray powder photographs of NHj^ CuF^ , KCuF^ , and RbCuF^
•a
with that of cubic NH^ MnF^ . Knox^  has recently shown KCuF^  
to be tetragonal with a=* J4.-II4.O and c*= 3*922. A comparison 
of the values for the interplanar spacing "d" observed in 
KCuFjj prepared in methanol with that calculated from "a" and 
" c" from the single crystal is shown in table VII* Similarly 
HH^ CuF^  and RbCuF^  can be indexed as tetragonal as seen in 
table XIX and table XXI. Approximate values for the cell 
constants are: for NH^ CuF^ , a*=^  l|-*31, 0=3*89; and for
RbCuF^ # bzzz c^=3*9lj-* Again as with the cubic complexes,
the 1 0 0  reflection, and since these complexes appear te tra­
gonal the 0 0 1  reflection as well, decrease in intensity from 
the ammonium, to the potassium, to the rubidium complexes.
The failure to find cubic structures for the copper complexes 
is attributed to the distortion of the coordination octahedron 
of the copper (II) ion, as predicted from the ligand field
RbCuF5
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T ab le  V II  
P o ta ss iu m  T r lf lu o r o c u p r a te  I I  
Com parison o f  C a lc u la te d  and O bserved  
I n te r p la n a r  S p a c in g s
















11 d” C a lc u la te d  (Knoac )^ 















theory. As was mentioned earlier in a discussion of infrared 
spectra, the higher ammonium complex of copper, (NH|^ )2 CuF^  
appears structurally different from its potassium analogue, 
with hydrogen bonding perhaps as important as the distortion 
of the fluorocuprate ion*
Some M is c e lla n e o u s  S t r u c t u r a l  C o n s id e r a t io n s
The interplanar spacings 11 d" for the zirconium com­
plexes KgZrP^  and CSgZrP^  were compared with the values for
6"d" calculated from the cell constants by Bode and Teufer . 
K2 ZrF£ was indicated to have an orthorhombic structure with 
a= 6.580, b* ll.ij.00 and c= 6.9l|,0. The comparison of the 
observed and calculated values is listed in table XXIV in 
the appendix, and indicates the compounds to be Identical.
The Cs2ZrF6 as p r e p a r ed  in  m eth a n o l d id  n o t  p ro v e  i s o s t r u c t u r a l  
w ith  t h a t  p r e p a r ed  from  th e  m e lt  by  Bode and T e u fe r  and c l a s ­
s i f i e d  as h e x a g o n a l w ith  a s  6.ijJL0 and cs 5*010. The o b se r v e d  
11 d" v a lu e s  f o r  t h i s  compound are  l i s t e d  in  ta b le  XXV.
As mentioned in the section on infrared spectra, the 
ammonium and potassium fluorocadmate complexes are not iso­
structural, and the infrared spectra strongly indicate 
hydrogen bonding. The powder pattern for KCdF^ , table XXVII, 
indicates that i t  is Isostructural with the cubic complexes 
of zinc, manganese and cobalt. In view of Ahrland's-1-^  pre­
diction of the low affinity of cadmium for fluoride ions i t  
seems reasonable that in the presence of ammonium ions, with 
the possibility of hydrogen bonding, that distortion of the 
cadmium-fluoride octahedron takes place giving rise to a 
structure of lower symmetry.
Ip.
Experimental
Differential thermal analyses were carried out using
21the procedure described by Haendler, Wheeler, and Robinson .
The equipment used was essentially the same except for the
substitution of a General Electric Recording Photoelectric
Potentiometer for the Rubicon Type B Potentiometer.
X-ray powder patterns were taken using 57*3mm and
lll|..5>6mm Philips cameras. Copper and Iron radiation were
used, and samples were mounted in 0.3mm glass capillaries.
Intensities were estimated visually and with the aid of a
densitometer (Welch Densichron)•
Infrared spectra were taken using a Perkin-Elmer
Model 21 Spectrophotometer with sodium chloride optics. Sara-
22pies were run as mills using either Nujol or Halocarbon oil 
as the mulling agent.
APPENDIX
k z
The Calculation of Interolanar Spaclngs on the I.B.M. 70li.
p
The values for lnterplanar spaclngs and for the sin&© 
are useful In the interpretation of x-ray powder photographs, 
both for the identification of compounds and in the determina­
tion of crystal structures. In identifying compounds there 
are many Instances when unit cell data are reported in the 
literature, but values for the lnterplanar spaclngs are not 
included. Calculation of the lnterplanar spaclngs from the 
unit cell data the' makes i t  possible to identify the compound 
by comparison of the calculated values with those read visually 
from the powder photograph. In the determination of crystal 
structure, the refinement of cell data from photographs of 
single crystals is enhanced by the comparison of the calculated 
values for the lnterplanar spaclngs with the values read from 
powder patterns.
2The calculation of lnterplanar spaclngs and of sin 0  
involve the repetitive solving of a basic equation for "Q” 
with changing values for the lndioes h, k and 1. The equation 
for "Q” depends upon the crystal system of the compound. The 
lnterplanar spaclngs "d" are then calculated from the general 
equation
This type of operation, while time consuming and tedious on
a desk calculator, is well suited to the I.B.M* 70i+ Computer. 
20The Fortran programming system was used, and since a general 
program would be needlessly complicated, a separate program 
was written for each crystal system.
U3
Description of the Programs 
Tables VIII and IX l is t  the crystal systems for which 
the programs were written, together with the equation for the 
calculation of "QT1, the Input data needed, and the informa­
tion printed out by the computer. The value for "n" included 
In the input data for each program governs the number of cal­
culations carried out giving all values of hkl from 000 to 
nnn. Storage space available in the I.B.M. 70lj- places a 
limit of n* 7 for the monoclinic and tric lin ic  systems. The 
remaining programs are written to include values up to n* 10. 
It is also noted that the monoclinic and triclin ic programs 
must include as input data values for h* 1 to n, k = 1 to n, 
and 1= 1 to n. This is unnecessary in the remaining programs, 
as the values for h, k, and 1 are generated from "n1 within
the program itse lf. The value for the wavelength is necessary
2
for the calculation of sin © • The remaining input data for 
each program is governed by the requirements of the equation 
for ”Qn for the crystal system involved. Accepted crystallo- 
graphic usage has been maintained as to the form of the input 
and output data. The simple cubic program has been modified 
in the case of the face centered and body centered cubic 
programs so that the values forbidden in these systems are not 
printed out. The form of the input and output data remain 










I»B«M» 70ll. Programs 
Equation Data Input
h2+k2+l2







h2 k2 l 2 







h,k,l,d, sin2^  only for 
values of h +kz+l2 = even
h,k,l,d, s i n e ,  forbidden 
values not printed out
a,c, wavelength, n h,k,l,d, sin &







Equation Data Input Data Printed Out
ft = h V ^ k V 2 a*,b*,c*,cos £*, h,k,l,d, sin2©
+l2c#2+2hla*c#cos 6* wavelength, n,
h=l to n, h=l to n,
1=1 to n
Q, = h2a*2+lA)*2+ a*,b*,c*,cos<><.*, h,k,l,d, sin2©
2  jfp i t  i t  i t  i t  i t1 c +2hka b cosnr cos <§> , cos t  ,
-2klbttc*cos oc * wavelength, n,
Hr i t  i t
-2hla c cos £ h=l to n, k=l to n,
h^ +hk+k2 l2
1 = 1 to n
2
Q s  =— + ~  a,c,wavelength, n h,k,l,d, sin ©
4a2 3c2
ij.6
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Halocarbon Oil as a Mulling Medium for Infrared Spectra
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Figure 1. Infrared spectrum of ammonium hexafluoroferrate(lll) using a Nujol 
mull
0.0
Figure 2. Infrared 
spectrum of am­
monium hexafluoro- 
ferrate(lll) using a 
Halocarbon mull
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O M  2 < **
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Figure 3. Infrared spectra of Nujol and Halocarbon oil showing interference- 
free regions
Du r i n g  a study of the infrared spectra of ammonium fluorometallate com­
pounds [Haendler, H. M., Johnson, 
F. A., Crocket, D. S., J. Am. Chem. Soc. 
80, 2662 (1958)], it was not possible to 
use Nujol mulls, because of the inter­
ference of the Nujol bands with those 
anticipated for the compounds. Halo­
carbon oil, series 11-14 (Halocarbon 
Products Corp., Hackensack, N. J.), 
produced excellent mulls, and gave no 
interference in the region from 4000 
to 1300 cm.-1 If Halocarbon is 
used in conjunction with Nujol, the 
region from 4000 to 650 cm.-1 can be 
studied without interference from the 
dispersing medium. This particular 
mulling medium has apparently never 
been reported.
Figures 1 and 2 show the infrared 
spectrum for ammonium hexafluoro- 
ferrate(III), (NH^jFeF*, using a Nujol 
mull, in comparison with the same com­
pound in a Halocarbon mull. Concen­
trations in the two mulls are not iden­
tical. It is difficult to determine the 
spectrum of ammonium hexafluoro- 
ferrate(III) in Nujol alone, although 
there is a distortion of the Nujol 
bands. Figure 3 shows the infrared 
spectrum for Halocarbon from 4000 
to 1300 cm.-1 and Nujol from 1300 to 
650 cm.-1 indicating the freedom 
from interference which can be ob­
tained.
Halocarbon oil series 11-14 has a 
viscosity similar to that of Nujol, 
and is as easy to work with. It has 
been used successfully in this labora­
tory, not only for inorganic compounds, 
but for organic compounds as well 
(Saltsl of 1-Methylpiperidones, Lyle, 
R. E., Adel, R. E., Lyle, G. G., J. 
Org. Chem., submitted for publication).
The instrument used for this work was 
a Perkin-Elmer Model 21 with sodium 
chloride optics.
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1 d» Intenslt? hkl
4 . 1 1 6 100 100
2 . 9 2 4 8 0 110
2 . 3 8 1 15 111
2 . 0 6 1 8 0 200
1.843 6 0 210
1 . 6 8 1 ko 211
1.458 50 220
1.375 30 221,300










».d .l I n t e n s i t y h k l
1 5 100
2 .8 6 3 100 110
2 . 3 3 5 3 0 111
2 .0 3 7 80 200
1.821j. 5 210
1.65*1. 5 0 211
X.14-39 60 220
1 .2 8 8 20 310
1 . 1 7 7 10 222
I .O 87 1 5 321
k-9
T a b le  X I I
R ubid ium  T r l f lu o r o c o b a t a t e  I I  
ln t e r p la n a r  S p a c ln g s
"d" intensity hkl
2 . 9 1 8 100 110
2 . 3 8 7 20 111
2 . 0 6 2 6 0 200
1 . 8 6 3 15 210





















1.22k- 2 0 222
1.175 2 0 320
1.133 30 321
1 . 0 6 0 10 1+00









2 . 4 2 8 30 111



























1.059 5 4 0 0
.99921 15 330
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Table X V I
Ammonium Trlfluorozlncate II
lnterplanar Spaclngs
1 d" Intensity hkl
4.110 100 100
2.893 7 5 110
2 . 0 5 6 6 5 200
1.840 60 210
1 . 6 8 0 4 5 211
1 4 5 5 5 5 220
1.372 30 321
1.300 1 5 310
1.187 1 0 222
1 . 1 4 0 1 0 320
1.099 1 0 321
1.028 5 400
.9976 2 0 322,410
.9700 5 330




1 d" Intensity hkl
If. 053 4 0 1 0 0
2 . 8 6 3 1 0 0 1 1 0
2.336 5 1 1 1
2.023 7 0 2 0 0
1.809 15 2 1 0
1.653 5o 2 1 1
1.^ 31+ 4o 2 2 0
1.350 5 2 1 1 , 3 0 0
1 . 2 8 1 15 310
1 . 1 7 0 1 0 2 2 2
1.083 2 0 321
1.014 2 4 0 0
. 9 8 1 8 2 322,410
.9557 1 0 330
. 9 0 6 2 15 420
.8637 5 332
. 8 2 7 4 15 4 2 2






4*258 2 1 0 0
2 . 9 0 2 1 0 0 1 1 0
2.365 2 0 1 1 1
2 . 0 5 1 2 70 2 0 0
1.677 6 0 2 1 1
1.452 40 2 2 0
1.297 2 0 310
1.237 5 311
1.185 15 2 2 2
1.097 30 321
1 , 0 2 7 5 4 0 0
. 9 6 8 2 15 330
.9427 2 331
.9190 2 0 420
.8763 15 332
.8392 25 4 2 2
, 8 0 6 6 3 0 431
5 6
Table XIX 





If. . 8 1 4 50
3.919
3.591 1|0
3 M 9 5
3.029 8 0
2.877 20













11 dM I n t e n s i t y  h k la
6.?28  15 *>
1+.7U-25 5 *
4 .3 0 9  100 100





2 .3 8 8  2 111
2 . 2 2 4  2 b




1 .8 8 2  30 201
1 . 7 7 2  3 0  1 0 2






1 . 3 6 7  3 0  2 1 0
1.3452 1 0  3 0 1
a .  In d e x ed  a s  t e t r a g o n a l










2.062 8 0 200
1.965 30 002
1.838 15 201
1 . 6 7 2 15 121
1.629 50 112










a . In d e x e d  a s  t e t r a g o n a l
5 9
T a b le  XX II 
R ubid ium  T r l f lu o r o c u p r a t e  I I
11 d"
ln t e r p la n a r  S p a c ln g s  












































Dipot as alum. Hexafluorozlrconate IV
lnterplanar Spaclngs
Observed Mdw Calculated hkl
5.678 5.699 1 1 0
Ij-.i4.O6 4.404 1 1 1
3.265 3.290 2 0 0
3 . 1 4 1 3 . 1 6 1 210
2 . 9 4 2.97 201
2 . 2 3 1 2.267 013





T a b le  XXV 
D lc e s lu m  H e x a f lu o r o z lr c o n a t e  IV
ln t e r p la n a r  S p a c ln g s









1 . 6 7 1  1 0
1 . 6 1 * 9  1 0
1.51*9 15
1,516 1 5









3 . 0 8 6 90
2.519 5
2 .2 0 k 30





















If. 307 6 0 100





1 .14-39 30 300
1.367 30 310
1.211.9 10 222
1.199 5 3 2 0
1.156 30 321













1*.385 5 1 0 0
3.108 1 0 0 1 1 0
2 . 1 9 2 6 0 2 0 0
1.817 70 2 1 1
1.551 50 2 2 0
1.39 30 3 1 0
1.270 5 2 2 2
1 . 1 7 6 30 3 2 1
1.037 15 330
. 9 8 1 * 8 15 1 * 2 0
.9371 1 0 3 3  2
.8979 1 0 1 * 2 2
.8635 2 0 1*31
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